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Abstract Combustion-derived nanoparticles, such as die-
sel engine exhaust particles, have been implicated in the
adverse health eVects of particulate air pollution. Recent
studies suggest that inhaled nanoparticles may also reach
and/or aVect the brain. The aim of our study was to compara-
tively evaluate the eVects of short-term diesel engine exhaust
(DEE) inhalation exposure on rat brain and lung. After 4 or
18 h recovery from a 2 h nose-only exposure to DEE
(1.9 mg/m3), the mRNA expressions of heme oxygenase-1
(HO-1), inducible nitric oxide synthase (iNOS), cyclooxy-
genase-2 (COX-2), and cytochrome P450 1A1 (CYP1A1)
were investigated in lung as well as in pituitary gland, hypo-
thalamus, olfactory bulb, olfactory tubercles, cerebral cortex,
and cerebellum. HO-1 protein expression in brain was inves-
tigated by immunohistochemistry and ELISA. In the lung,
4 h post-exposure, CYP1A1 and iNOS mRNA levels were
increased, while 18 h post-exposure HO-1 was increased. In
the pituitary at 4 h post-exposure, both CYP1A1 and HO-1
were increased; HO-1 was also elevated in the olfactory
tuberculum at this time point. At 18 h post-exposure,
increased expression of HO-1 and COX-2 was observed in
cerebral cortex and cerebellum, respectively. Induction of
HO-1 protein was not observed after DEE exposure. Bron-
choalveolar lavage analysis of inXammatory cell inXux,
TNF-, and IL-6 indicated that the mRNA expression
changes occurred in the absence of lung inXammation. Our
study shows that a single, short-term inhalation exposure to
DEE triggers region-speciWc gene expression changes in rat
brain to an extent comparable to those observed in the lung.
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Abbreviations
BALF Bronchoalveolar lavage Xuid
BBB Blood–brain barrier
COX-2 Cyclooxygenase-2
CYP1A1 Cytochrome P450 1A1
DEE Diesel engine exhaust
HO-1 Heme oxygenase-1 (HO-1)
IL-6 Interleukin-6
iNOS Inducible nitric oxide synthase
PM Particulate matter
TNF- Tumor necrosis factor-alpha
VOC Volatile organic compound
Introduction
Diesel engine exhaust (DEE) emissions represent a
major source of ambient particulate matter (PM) and
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combustion-derived nanoparticles in most urban settings
(Donaldson et al. 2005). Several lines of research have led
to the concern that the brain represents a relevant target for
the eVects of such particles. Initial clues for potential neuro-
pathological eVects of ambient air particles have originated
from comparative histopathology studies of brains of
mongrel dogs, and more recently of postmortem tissues of
lifelong residents from cities with strongly contrasting air
pollution (Calderon-Garciduenas et al. 2004). These inves-
tigations revealed signs of oxidative stress and inXamma-
tion in the brain in association with high air pollution,
characterized for instance by an increased expression of the
transcription factor Nuclear Factor kappa B (NFB) and the
inXammatory genes cyclooxygenase-2 (COX-2) and induc-
ible nitric oxide synthase (iNOS) (reviewed in Peters et al.
2006).
Controlled inhalation studies in mice have conWrmed
that ambient PM and nanoparticles may trigger oxidative
stress, toxicity, and inXammation in brain tissue (Campbell
et al.  2005; Elder et al. 2006; Kleinman et al. 2008;
Veronesi et al. 2005). Moreover, it has been demonstrated
that small fractions of inhaled nanoparticles may actually
reach the brain (Elder et al. 2006; Oberdorster et al. 2004).
For this, two principal routes have been proposed. In the
one route, particles are considered to reach brain tissue
following deposition on the nasal olfactory epithelium and
translocation along the olfactory nerve; the other route
involves alveolar deposition and subsequent crossing of the
lung blood barrier and the blood–brain barrier (BBB)
(Oberdorster et al. 2005; Peters et al. 2006). Under these
assumptions, several in vitro studies demonstrated that
nanoparticles, including diesel engine exhaust particles,
may cause neurotoxic eVects to speciWc brain cells and dis-
turb BBB functions (Block et al. 2004; Hartz et al. 2008;
Long et al. 2007).
The objective of the present study was to compare in the
rat, the eVects of a single, short-term DEE inhalation expo-
sure on both lung and potentially sensitive regions of the
brain. The pituitary and hypothalamus were selected
because, on the basis of their incomplete BBB, they might
be more prone to eVects of blood-borne substances. As rep-
resentative regions for the olfactory translocation route of
carbonaceous nanoparticles (Oberdorster et al. 2004), we
included olfactory bulb and tubercles. Cerebral cortex and
cerebellum were analyzed to obtain a more complete pic-
ture of eVects in the brain. In each of these brain regions, as
well as the lung, the mRNA expression of iNOS, COX-2,
heme oxygenase-1 (HO-1) and cytochrome p450 1a1
(CYP1A1) was determined. These genes were selected
ap r i o r i  on the fulWllment of two criteria: (1) their demon-
strated relevance in diesel exhaust exposure and lung dis-
ease (Ahn et al. 2008; Risom et al. 2003; Takano et al.
2002; Zhao et al. 2006) and (2) their known inducibility in
rat brain during oxidative stress, inXammation and/or
exposure to polycyclic aromatic hydrocarbons (PAH)
(Calderon-Garciduenas et al. 2004; Collino et al. 2006;
Colombrita et al. 2003; Maeda et al. 2008; Shimada et al.
2003).
Materials and methods
Animals
Nine-week-old male Fischer F344 rats, obtained from
Charles River (Germany), were used in the present study.
Experiments were approved by the Animal Ethics Commit-
tee (IUCAC) of the Dutch National Vaccine Institute
(NVI). In the week prior to exposure, animals were trained
in nose-only tubes for 1 h daily during 5 days.
Exposure
The rats were exposed for 2 h, nose-only, to diluted DEE or
puriWed air, followed by an exposure recovery of a further 4
or 18 h (N = 8 per time point). DEE from a stationary
(1,500 rpm) diesel engine (35KVA genset, Deutz F3M2011
engine, Bredenoord, Apeldoorn the Netherlands) was
mixed with conditioned puriWed air.
Particle and NO2 levels were closely monitored and reg-
ulated to ensure a constant exposure. Particle number and
mass concentrations were determined using a condensation
particle counter (CPC 3022A, TSI St. Paul, Minn., USA)
and a nephelometer (DATARAM 2000, MIE, Billerica,
Mass., USA). Time-integrated particle concentrations were
determined by gravimetric analysis. A carbon sampler tube
was placed downstream of one of the PTFE Wlters at the
outlet to collect the volatile organic compounds (VOC),
which were measured by means of GC–MS (RIVM, Biltho-
ven the Netherlands). The Wnal particle mass concentration
in diluted DEE was 1.9 mg/m3 with a geometric mean
diameter of 65 nm. Total VOC content was 0.53 mg/m3.
The concentrations of CO, NOx, NO, and NO2 measured in
the mixing chamber were on average 14.23 ppb CO,
2.38 ppb NOx, 1.43 ppb NO, and 0.94 ppb NO2.
Necropsy
Animals were anesthetized 4 or 18 h post-exposure with a
mixture of Ketamin (100 mg/ml) and Xylazine (20 mg/ml)
in a 10:8 ratio. Animals were then killed through exsangu-
inations and after saline perfusion of the lungs via the right
cardiac ventricle bronchoalveolar lavage was performed.
Subsequently, brains were removed. Brains of three DEE-
exposed and three control animals per time point were
immediately incubated in Zamboni’s Wxative while brainsArch Toxicol (2010) 84:553–562 555
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of Wve animals per treatment and time point were dissected
into six regions, i.e., pituitary gland, olfactory bulb, olfac-
tory tubercles, hypothalamus, cerebral cortex, and cerebel-
lum. Additionally, the accessory lung lobe was removed
from the same animals. Brain and lung tissue samples were
snap-frozen in liquid nitrogen and stored at ¡80°C until
further processing.
Bronchoalveolar lavage
The trachea was cannulated and the right lung was lav-
aged gently in three cycles of inserting and reclaiming the
solution with 27 ml saline per kilogram body weight.
Bronchoalveolar lavage Xuid (BALF) was put on ice
immediately and centrifuged at 4°C and 400g for 10 min.
For diVerential cell counts, the cell pellet was resus-
pended in 1 ml saline. Cytospin slides were prepared in
duplicate for each animal, and after staining with May-
Grünwald-Giemsa, 200 cells were diVerentiated per slide.
Total cell numbers in BALF were determined by Coulter
Counter. To determine pulmonary toxicity and inXamma-
tion, BALF was analyzed for total protein using a reagent
kit from Pierce (Etten-Leur, The Netherlands), LDH and
alkaline phosphatase using assay kits from Roche Neder-
land, Almere, The Netherlands. Total Glutathione was
measured as described previously (Cassee et al. 2005).
Concentrations of the inXammatory cytokines tumor
necrosis factor-alpha (TNF-) and interleukin-6 (IL-6) in
BALF were determined with ELISA kits from Biosource
(Etten-Leur, The Netherlands).
Quantitative real-time PCR
Brain sections and lung tissues were ground and homoge-
nized in Trizol. RNA was extracted according to the manu-
facturer’s instructions and puriWed using the RNeasy® mini
kit in combination with DNAse treatment (RNAse-free
DNAse set, Qiagen). From 0.5 g of RNA, cDNA was syn-
thesized using the iScript cDNA Synthesis kit (BioRad,
CA, USA) and diluted 15£ in water. qRT-PCR primers
were designed for rat HO-1, iNOS, COX-2, CYP1A1, and
the housekeeping gene GAPDH, using Primer express soft-
ware (Applied Biosystems). Sequences are shown in
Table 1. The MyiQ single-color real-time PCR detection
system (BioRad) coupled to SYBR© Green Supermix (Bio-
rad), 5 l diluted cDNA, and 0.3 M primers in a total vol-
ume of 25 l was used to perform real-time PCR.
Denaturation at 95°C for 3 min was followed by 40 cycles
at 95°C (15 s) and 60°C (45 s). Melt curves (60–95°C)
were produced for product identiWcation and purity. PCR
eYciencies of all primer sets were in the range of 90–100%.
Gene expression was analyzed using MyiQ Software (Bio-
Rad) and normalized to the expression of GAPDH. For the
lung, data are expressed as fold-change in expression
compared to the expression in air-exposed animals, using
the 2-Ct method (Livak and Schmittgen 2001). For the
brain, results are shown as expression relative to the mean
expression in cerebellum of the air-exposed animals, to
allow for comparative evaluation of brain region-speciWc
expression as well as of the eVect of DEE.
Brain Wxation and immunohistochemistry
For immunohistochemistry, rat brains were immediately
incubated in Zamboni’s Wxative (24 h) and subsequently
sucrose (48 h), and then frozen in isopentane at a tempera-
ture of ¡40°C. Brains were stored at ¡80°C until tissue
sections were prepared for the determination of heme
oxygenase-1 immunoreactivity as described elsewhere
(Bidmon et al. 2001).
Heme oxygenase-1 ELISA
For all brain sections from the 18 h recovery time point,
except for the pituitary gland due to insuYciency of avail-
able material, protein was extracted according to assay kit
recommendations (Assay Designs, Ann Arbor, USA). Pro-
tein concentrations of all samples were determined using
the bicinchoninic protein assay, and all concentrations were
adjusted to 2.38 g/l. Samples were then diluted 2£ for
the Wnal assay, and 100 l of sample, standard, or buVer
control was added per well. The ELISA method was
performed according to the manufacturer’s guidelines;
absorbance was measured immediately at 450 nm. Data
are extrapolated from the standard curve and expressed as
pg/mg total protein.
Table 1 Primer sequences used in this study
Gene Forward Reverse
HO-1 5-GGGAAGGCCTGGCTTTTTT-3 5-CACGATAGAGCTGTTTGAACTTGGT-3
iNOS 5-AGGAGAGAGATCCGGTTCACAGT-3 5-ACCTTCCGCATTAGCACAGAA-3
COX-2 5-GCACAAATATGATGTTCGCATTCT-3 5-GAACCCAGGTCCTCGCTTCT-3
CYP1A1 5-TGGAGACCTTCCGACATTCATC-3 5-GCCATTCAGACTTGTATCTCTTATGG-3
GAPDH 5-TGATTCTACCCACGGCAAGTT-3 5-TGATGGGTTTCCCATTGATGA-3556 Arch Toxicol (2010) 84:553–562
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Statistical evaluation
Data are expressed as mean § SEM unless stated other-
wise. For the evaluation of treatment-related diVerences
(DEE versus air exposure) in lung as well as within speciWc
regions of the brain, data were evaluated by Student t test
using SPSS version 15.0 for Windows. A diVerence was
considered to be statistically signiWcant when p <0 . 0 5 .
Results
Markers of lung toxicity, inXammation, and oxidative stress 
in BALF
The eVects of DEE on BALF markers of cytotoxicity,
inXammation, and oxidative stress are shown in Table 2.
LDH, total protein, and total glutathione, indicative of tox-
icity, increased permeability of the alveolar capillary bar-
rier and oxidative stress, respectively, were not
signiWcantly increased at 4 or 18 h post-exposure. InXam-
mation, measured as increases in total cell number, percent-
ages of neutrophils or macrophages, and levels of TNF-
and IL-6, was also absent at either time point. Alkaline
phosphatase, considered as a marker of damage to lung
type II epithelial cells, was signiWcantly increased after
18 h of exposure recovery. Together, these observations
demonstrate limited toxicity and the absence of a marked
inXammatory response in rat lungs.
Gene expression in rat lungs
The eVects of DEE exposure on HO-1, COX-2, iNOS, and
CYP1A1 mRNA expression in lung are shown in Fig. 1.
The mRNA expression of HO-1 was found to be signiW-
cantly increased in the lungs from DEE-exposed animals
after 18 h of recovery (1.7-fold increase). For CYP1A1, a
statistically signiWcant increase in mRNA was measured
after 4 h recovery (4.1-fold). An induction was also
observed at 18 h post-exposure (1.8-fold), but this did not
reach statistical signiWcance. A small but signiWcant
increase in iNOS mRNA was detected in the lungs of the
rats after 4 h recovery. No changes in COX-2 mRNA
expression were observed.
Gene expression in speciWc regions of the rat brain
The mRNA expression of HO-1, COX-2, iNOS, and
CYP1A1 in various sections of the rat brain is shown in
Figs. 2 and 3. Data were corrected for GAPDH and
Table 2 Bronchoalveolar lavage parameters from rats after 4 or 18 h recovery from a 2 h exposure to diesel engine exhaust (DEE) or Wltered air
Data represent mean § SEM from n = 5 rats per treatment group and time point, * p <0 . 0 5
BALF Air, 4 h DEE, 4 h Air, 18 h DEE, 18 h
Total cells (£106)1 . 1 7 § 0.14 1.34 § 0.13 1.14 § 0.07 1.05 § 0.13
% Macrophages 97.60 § 0.17 98.60 § 0.32 96.25 § 1.15 97.55 § 0.45
% Neutrophils 1.30 § 0.37 0.90 § 0.27 1.80 § 0.40 1.50 § 0.45
Total protein (mg/l) 215 § 12 189 § 17 189 § 62 0 5 § 14
LDH (U/l) 72.6 § 6.6 78.9 § 5.9 70.2 § 1.7 75.7 § 7.0
AP (U/l) 53.9 § 4.3 45.5 § 1.8 40.3 § 6.6 67.3 § 5.5*
Total glutathione (M) 1.06 § 0.07 0.92 § 0.10 1.28 § 0.12 0.94 § 0.09
TNF- (pg/ml) 81.9 § 22.0 85.7 § 19.4 73.6 § 18.4 50.8 § 9.4
IL-6 (pg/ml) 15.6 § 4.1 22.7 § 2.7 16.1 § 6.6 22.3 § 3.2
Fig. 1 mRNA expression of HO-1, iNOS, COX-2 and CYP1A1 in rat
lungs after 4 h (a) or 18 h (b) recovery from diesel engine exhaust
(DEE) inhalation exposure. Data represent mean values and standard
errors (n = 5) and are expressed as GADPH-adjusted fold-increase
mRNA expression compared to controls. * p < 0.05 versus air-exposed
group
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expressed as fold expression relative to the expression in
the cerebellum of the air-exposed rats. For each gene, con-
siderable brain region-speciWc expression contrasts were
found. For HO-1, mRNA expression was found to be high-
est in pituitary and lowest in both cerebral cortex and cere-
bellum. In relation to the DEE exposure, HO-1 expression
tended to be enhanced in most of the brain regions, both at
4 h and at 18 h post-treatment. Statistically signiWcant
increases after DEE exposure were found in the pituitary
gland and olfactory tubercles after 4 h and in the cerebral
cortex after 18 h. For iNOS, similar to HO-1, the strongest
mRNA expression was found in the pituitary glands. In the
DEE-exposed animals an approximate twofold increase in
the pituitary gland was observed after 4 h. However, this
eVect did not reach statistical signiWcance because of con-
siderable variation. COX-2 expression was found to be
highest in the cerebral cortex and lowest in hypothalamus.
At 4 h post-exposure, COX-2 expression tended to be
reduced in cerebral cortex, olfactory bulb and tubercles
compared to controls. In contrast, at 18 h post-exposure, a
general tendency of enhanced COX-2 mRNA was
observed, reaching statistical signiWcance in the cerebellum
only. For CYP1A1 the expression variability in brain was
found to be most pronounced. Its expression was about
18–20-fold higher in pituitary gland and fourfold higher in
olfactory bulb relative to cerebellum. DEE-exposed ani-
mals showed a signiWcantly higher CYP1A1 expression in
the pituitary gland after 4 h. Notable, but non-signiWcant
increases were also observed in cerebellum and olfactory
tubercles after 4 and 18 h.
HO-1 protein expression by immunohistochemistry 
and ELISA
To further evaluate the eVects of DEE on rat brain, we also
measured HO-1 protein expression by immunohistochemis-
try and ELISA. Although speciWc expression proWles were
observed for diVerent brain regions, no treatment-related
diVerences were evident upon full evaluation of brain tissue
slices. Exemplary, Fig. 4a and b show HO-1 staining in cer-
ebellum of, respectively, a control and a DEE-exposed ani-
mal. A clear pattern of HO-1 immunoreactivity was
observed irrespective of the exposure, particularly in Pur-
kinje cells. ELISA measurement results are shown in
Fig. 4c. Because of insuYciently available material, pitui-
tary gland could not be evaluated. Marked diVerences were
Fig. 2 mRNA expression of HO-1 (a), iNOS (b), COX-2 (c) and
CYP1A1 (d) in speciWc rat brain regions after 4 h recovery from diesel
engine exhaust (DEE) inhalation exposure. Data are shown as mean
and SEM (n = 5 per treatment) of the GAPDH adjusted mRNA expres-
sion, relative to the mean mRNA expression as measured in the cere-
bellum of the air-exposed animals for each gene. * p < 0.05 versus air
exposure in the same brain region
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observed in HO-1 concentrations between the diVerent
brain regions, with the highest levels in cerebellum and
hypothalamus. In relation to the DEE exposure, no signiW-
cant diVerences were found, although tendencies toward
upregulation of HO-1 protein were noted in the cerebral
cortex and the hypothalamus.
Discussion
The present study was undertaken to compare the eVects of
short-term inhalation of diesel engine exhaust on lung and
diVerent brain regions of the rat. Among the genes investi-
gated, CYP1A1 tended to show the strongest mRNA
expression changes. Our Wndings suggest a rapid, transient
induction upon DEE exposure. The fold increase in
CYP1A1 expression in the lung in this study was similar to
investigations by Sato et al. (2000), who found a 5.5-fold
induction in rat lungs following 4 weeks of inhalation
exposure at 6 mg/m3. Since CYP1A1 induction is consid-
ered as a sensitive marker of exposure to diesel engine
exhaust particles in the lung (Stoeger et al. 2009; Takano
et al. 2002), our current Wndings suggest that the brain rep-
resents a target for DEE.
Fig. 3 mRNA expression of HO-1 (a), iNOS (b), COX-2 (c) and
CYP1A1 (d) in speciWc rat brain regions after 18 h recovery from die-
sel engine exhaust (DEE) inhalation exposure. Data are mean and SEM
(n = 5 per treatment) of GAPDH adjusted mRNA expression, relative
to the mean mRNA expression as measured in the cerebellum.
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Fig. 4 HO-1 protein expression by immunohistochemistry (a, b) and
ELISA (c) in rat brain tissue after diesel engine exhaust (DEE) inhala-
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Organic constituents adsorbed on diesel particles, PAH in
particular, are thought to be crucially responsible for pulmo-
nary CYP1A1 induction (Bonvallot et al. 2001; Zhao et al.
2006). Whether these are also responsible for CYP1A1
induction in the brain remains to be demonstrated. PAH are
highly potent inducers of CYP1A1 in the brain (Shimada
et al. 2003). However, deposition and translocation calcula-
tions (Oberdorster et al. 2004) indicate that the amount of
particles, and hence the ultimate concentration of particle-
bound PAH and other organic constituents, that may have
reached this organ within 6 h after DEE exposure initiation,
will be rather low. EVects of PAH will also depend on their
bioavailability, which is known to depend on adsorption
strength as well as the amount loaded onto the carbonaceous
carrier particles (Gerde et al. 2001). Finally, one should con-
sider a role for (semi)volatile compounds in the present
study. For instance, VOC within PM have recently been
shown to induce CYP1A1 in vitro (Abbas et al. 2009). Neu-
rotoxic eVects of speciWc VOC are well known. To the best
of our knowledge, the CYP1A1-inducing potential in the
brain has not been investigated for VOC.
DEE exposure was also associated with expression
changes of COX-2 and iNOS. Diesel engine exhaust parti-
cles have been shown to increase the mRNA expression of
both these genes after instillation in rat or mouse lung (Ahn
et al. 2008; Lim et al. 1998; Zhao et al. 2006). In the current
2 h inhalation study, COX-2 mRNA expression in lung was
unaVected, whereas iNOS was rapidly increased. In con-
trast, this short exposure led in the brain to a signiWcantly
increased expression of COX-2, but not of iNOS. Enhanced
COX-2 mRNA expression has been observed in the frontal
cortex and hippocampus of lifelong inhabitants of cities with
high levels of air pollution (Calderon-Garciduenas et al.
2004; Peters et al. 2006). Obviously, these autopsy investi-
gations cannot be directly linked to our study, which
addressed potential eVects after a single, short-term expo-
sure to DEE. In the human brain autopsy investigations
many pollutants other than DEE, as well as independent life-
style factors might have been responsible for, or contribut-
ing to the observed COX-2 expression proWles.
The most consistent eVects in our study were found for
HO-1, also known as Heat shock protein-32. In concor-
dance with our Wndings, increased HO-1 mRNA expression
has been described in mouse lungs after single and repeated
DEE inhalations (Li et al. 2007; Risom et al. 2003). In vitro
studies have demonstrated that diesel engine exhaust parti-
cles as well as their organic extracts can induce HO-1 in
various cell lines (Li et al. 2000, 2002). The main mecha-
nism of HO-1-mediated cellular protection is rooted in the
powerful antioxidant and anti-inXammatory potential of its
metabolic products, like carbon monoxide and bilirubin
(Stocker et al. 1987). HO-1 is also well known for its capa-
bility to protect brain from oxidative injury and recognized
as a sensitive marker of cellular stress responses in this
organ (Abraham et al. 1996). Astrocytes highly express
HO-1 in response to injury and the HO pathway has been
shown to be a critical defense mechanism for neurons
against oxidant aggressors (Chen et al. 2000; Le et al.
1999). In the ischemic rat brain, a common model for oxi-
dative brain damage, a strong rapid induction of HO-1 has
been shown (Collino et al. 2006). As such, our current
observations indicate that the DEE inhalation triggered a
rapid, albeit mild oxidative stress in speciWc rat brain
regions.
Expression changes in HO-1 after DEE exposure could
not be conWrmed on the protein level by immunohisto-
chemistry. Subsequent analysis by ELISA demonstrated
strong region-speciWc contrasts in expression which were in
line with the patterns as observed by immunohistochemis-
try and described in the literature (e.g. Colombrita et al.
2003). In association with DEE exposure, the ELISA mea-
surements indicated a slight upregulation of HO-1 protein
in the hypothalamus and the cerebral cortex, although this
did not reach statistical signiWcance. Unfortunately, insuY-
cient material was available for protein expression mea-
surement in the pituitary gland, for which the HO-1 mRNA
expression changes after DEE exposure appeared to be the
most pronounced.
The overall picture derived from the present study is that
short-term exposure of rats to DEE causes mRNA expres-
sion changes of genes related to oxidative stress and inXam-
mation in speciWc brain regions. Moreover, DEE exposure
was found to increase the expression of the xenobiotic
metabolism enzyme CYP1A1 in the brain. The pituitary
gland, which is in direct contact with the hypothalamus,
appeared to be most sensitive to the DEE exposure, as indi-
cated by an increased expression of all genes investigated.
This suggests that the observed eVects of DEE involve the
BBB exposure route. At this point it should be noted that
the pituitary represents a neuroendocrine organ involved in
the orchestration of multiple organs and their functions in a
circadian manner via regulatory hormones (Diamanti-
Kandarakis et al. 2009; Melmed 2002). Thus, our data indi-
cate an important route by which eVects of DEE may be
transmitted to various organs.
However, at 4 h post-exposure, the expression of HO-1
and CYP1A1 also tended to be higher in olfactory bulb and
tubercles. This indicates that the DEE eVects may, at least
in part, also be mediated via the olfactory route. Interest-
ingly, the pituitary gland and olfactory bulb, both represent-
ing “windows of the brain to the outside world” (Feron
et al. 2001), also tended to show the highest constitutive
mRNA expression for all investigated genes, with the
exception of COX-2, for which constitutive expression was
highest in the cerebral cortex. Likewise, diVerences in con-
stitutive expression of these genes throughout the brain560 Arch Toxicol (2010) 84:553–562
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have been reported by others (e.g. Huang et al. 2000;
Maeda et al. 2008; Morse et al. 1998; Quan et al. 1998).
It remains to be investigated whether the observed
eVects result from direct actions of translocated particles or
speciWc components (e.g. PAH, metals, VOC) carried on
the surface of these particles (Donaldson et al. 2005), or
whether they are caused indirectly by mediators released
from respiratory tract and/or the blood (Peters et al. 2006).
In an in vitro experimental model of isolated brain capillar-
ies, diesel engine exhaust particles were recently found to
disturb BBB functions through oxidative stress and pro-
inXammatory cytokine production (Hartz et al. 2008).
Exposure to diesel exhaust particles can induce systemic
inXammation and oxidative stress (Inoue et al. 2006;
Yokota et al. 2005), and circulating cytokines are known to
evoke inXammatory eVects in the brain, including COX-2
induction (Rivest 2001). Although we did not measure spe-
ciWc markers of systemic inXammation or toxicity, such
eVects are unlikely to provide an explanation for the
observed mRNA responses in brain tissue. The DEE expo-
sure did not lead to a notable pulmonary inXammation,
measured in BALF as total leukocyte amount, percentage
of neutrophils, or the content of the pro-inXammatory cyto-
kines TNF- and IL-6. None of these well-recognized
markers for inXammation showed any diVerences between
DEE and control groups. A signiWcant increase was found
only for alkaline phosphatase at 18 h post-exposure, indica-
tive of a delayed selective toxicity to type II lung epithelial
cells. However, this does not completely explain the rapid
(4 h post-exposure) expression changes in the brain tissue.
At present we do not know whether a single, short expo-
sure to DEE can trigger the eVects in human brains that cur-
rently were observed in rats. Notably, however, a DEE
exposure in human volunteers as brief as 1 h (0.3 mg/m3
particles) has been shown to induce the pulmonary inXux of
inXammatory cells as well as to elicit the production and
systemic release of inXammatory mediators (Salvi et al.
1999, 2000). As for the genes found to be aVected in the
brain in our current study, COX-2 has been considered to
play a role in the progression of neurodegenerative disor-
ders (Heneka and O’Banion 2007; Teismann et al. 2003)
and a deregulation of the HO enzyme system has been
linked to Alzheimer’s disease and Multiple Sclerosis
(Calabrese et al. 2006; Schipper et al. 2000). Cytochrome
P450 enzymes like CYP1A1 are, apart from their speciWc
involvement in xenobiotic-induced neurotoxicity, nowa-
days also considered to play a role in normal brain physiol-
ogy (e.g. neurotransmitter regulation) as well as in the
pathogenesis of Alzheimer’s and Parkinson’s diseases
(Dutheil et al. 2008).
Associations between high (particulate) air pollution and
Alzheimer-like pathology features in brain autopsies were
shown by Calderón-Garcidueñas et al. (2004). Epidemio-
logical evidence has revealed that increased PM levels may
also be involved in Multiple Sclerosis relapses (Oikonen
et al. 2003). Recently, in a cohort of elderly women mild
cognitive function impairments were observed in associa-
tion with traYc-related exposure, suggesting a role for
combustion-derived nanoparticles (Ranft et al. 2009).
Obviously, it is too premature to conclude from our pres-
ent study that inhalation of diesel engine exhaust particles
may contribute to neuropathology. The data from our cur-
rent study should be viewed alongside the fact that the well-
known pulmonary and cardiovascular health impairments
associated with exposure to PM are considered to result
from chronic exposures characterized by multiple peak epi-
sodes. Therefore, it will be highly relevant to determine
whether repeated exposures to combustion-derived nano-
particles can trigger a more persistent oxidative stress and
inXammation in brain, and whether such eVects can actually
cause or accelerate neurodegenerative and neurobehavioral
eVects.
Our study indicates that short-term exposure to DEE
may trigger rapid stress responses and CYP1A1 induction
in speciWc brain regions, most notably in the pituitary. We
hypothesize that even short-term exposures to DEE may
exert eVects in peripheral organs via the pituitary-endocrine
axis, which could lead to a more widespread (though not
necessarily region-speciWc) pattern of adverse peripheral
reactions. Interestingly, mRNA expression changes in the
brains of DEE-exposed rats were similar in extent to those
observed in their lungs, a well-known target of DEE. While
far lower concentrations of potentially harmful DEE com-
ponents are expected to reach the brain upon inhalation,
this organ is known to be highly sensitive to oxidative
stress because of its high energy demands, and its relatively
low content of antioxidants (Floyd 1999). Hence, this may
explain that even small amounts of toxic substances might
induce relevant eVects in the brain.
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